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Abstract
Pre-consumer food waste, hay, and woodchips were composted using two different methods of
static composting: forced aeration (FA) and natural aeration (NA). The composting process was
performed during the winter and summer for 106 and 124 days, respectively. The composting
process for both winter and summer processes did not reach the temperature above the 40°C
threshold of the thermophilic stage in composting. The microbial communities present during
different timepoints (start, peak, and final) along the composting process were analyzed with
DNA sequencing techniques and visualized using QIIME 2, an open-source bioinformatics
platform. The microbial communities of the winter and summer compost had higher abundances
of Firmicutes at the start but lessened throughout the remainder of the composting process. The
opposite trend was seen in Alphaproteobacteria and Bacteriodia for both winter and summer
composting processes. The final timepoints in the summer compost showed higher species
richness when compared to the winter compost. However, the higher species richness may have
negatively affected the phytotoxicity levels of the mature summer compost. The phytotoxicity
data showed lower germination rates and fresh/dry weights for the summer compost at
statistically significant levels irrespective of the treatment (FA or NA). A weighted Unifrac plot
showed that the winter final samples were more similar to the peak samples for the winter and
summer compost rather than to the summer final samples meaning that the winter compost might
not have been fully matured by the end of the compost process. The overall conclusions that
were drawn from this study were that the thermophilic stage of the composting process is an
important intermediate needed to produce a good mature compost product regardless of season;
the forced aeration compost method produced better compost in the winter trials, but there isn’t
sufficient evidence to suggest that it is a better method given the data in this study; and that the
microbial communities play a significant role in creating a good compost product.
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1. Introduction
Composting is a significant process that has positive large-scale and small-scale outcomes.
Composting has been cited to help reduce greenhouse gas (GHG) emissions because of the
beneficial impact it has on soil, and it reduces the need for pesticides and fertilizers (MartínezBlanco et al., 2011, Favoino and Hogg, 2008). GHGs are a massive environmental problem that
is continuing to plague our atmosphere and planet. Compost, when combined with soil, helps to
improve the soil structure which in turn increases the water retention of soil (Favoino and Hogg,
2008). This is helpful because more water retention means that less irrigation is needed and in
areas that suffer from droughts adding compost to soil can be an important water-holding
measure that is easily available. In addition, adding compost to soil helps to reduce the need for
fertilizers, because organic matter and nutrients that are produced during the composting process
can be found in mature compost. The nutrients are also released over time into the soil from the
compost as opposed to all at once during an application of fertilizer. By using compost, not only
the number of applications needed is reduced, but also the total amount of fertilizer. This aids in
reducing GHGs, because there is less fertilizer being produced, thus the GHGs of the production
facility are diminished (Martínez-Blanco et al., 2011). In terms of pesticides, by adding compost
to soil, the health of the soil is increased, and beneficial microbes are present to naturally fight
off plant pathogens and soil borne pests (Neher et al., 2015). This reduces GHG in the same way
that fertilizers do by lessening the need to produce pesticides and subsequent GHG emissions.
Composting, especially at-home composting, has the potential to do good for our environment
and can help alleviate some of the large issues that we are currently facing. According to the U.S.
EPA Report in 2014, 22% of the municipal solid waste that ended up in a landfill was food
waste; this was the largest portion with the next highest being plastic at 18%. At-home and
small-scale composting can play a great part in the solution by lessening the percentage of
municipal waste.
There are many parameters known to be good indicators of how the composting process is
progressing: temperature, moisture, pH, and oxygen (Azim et al., 2017). The temperature during
the composting process varies over time and is categorized into phases. The composting process
exhibits four phases: mesophilic, thermophilic, cooling, and maturation. During the first phase,
the mesophilic stage, the temperature will remain near ambient and gradually increases over a
few days. The mesophilic stage is between 0-40°C (Azim et al., 2017). Once the temperature
reaches its highest point compared to ambient, the compost process is in the thermophilic stage.
The thermophilic stage is characterized by temperatures above 40°C. The thermophilic stage
lasts for a few days up to a few months. The thermophilic stage, because of the hot temperatures,
sanitizes the compost by killing off detrimental bacteria, pathogens, and plant seeds. As the
temperature works its way down closer to ambient temperature, the microbial community
changes and more actinomycetes and fungi are present. This is the third phase also called the
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cooling phase. The actinomycetes and fungi are mainly responsible for decomposing cellulose
and lignin - the two main monomers of the plant cell wall (Azim et al., 2017).
Moisture is a particularly important indicator during the compost process because microbes need
water as a fuel for their metabolic reactions. Compost moisture and porosity or pore space are
inversely correlated. If there is a higher moisture content, there is less space for air to move
through the compost pile. Conversely, if there is a low moisture content there is ample space for
the air to move into the pile thus decreasing the water content available for the microbes to
proceed with their processes (Azim et al., 2017, Pace et al., 1995). When there is too much
moisture there is less porosity which causes less oxygen flow in the pile and the pile can become
anaerobic. If the pile becomes anaerobic there is slower degradation, higher ammonia
production, and higher chance for phytotoxic compost products. If the moisture is too low, there
is simply not enough water to sustain microbial life to conduct the compost process. The general
range for the moisture is 40-65% with a preferred range of 50-60%. The moisture depends on the
starting materials, weather, and size of the pile (Pace et al., 1995). According to De Bertoldi et
al. (1983), the moisture content is not considered a limiting factor to degradation during the
composting process as long as the content during the active period (phases 1 and 2) is within the
optimal range.
The pH is also a good indicator for the composting process as bacteria and fungi have optimal
pH ranges at which they will thrive. The pH can range from 3 to 11, with an optimal range
between 5.5 and 8 (De Bertoldi et al., 1983). A pH closest to neutral (7) is more conducive for
the growth of bacteria rather than fungi who prefer a slightly acidic pH. The pH is a product of
the starting materials and cannot be changed very easily as the composting process goes on. The
trend of pH changes during the composting process according to Poincelot (1972) also follows
four phases, but they do not coincide with the temperature phases. The first pH phase is the acidgenesis phase in which the pH decreases from the production of carbon dioxide and organic
acids. This stage begins during the mesophilic temperature phase and continues through the
thermophilic stage. The second pH phase is the alkalization phase. During this phase, the pH
increases because ammonia is produced via hydrolysis of proteins. The third pH phase is the pH
stabilization phase in which the pH decreases slightly. This is caused by the loss of ammonia due
to volatilization. The last phase is the stable phase. During this phase, the pH levels out around
neutral. It usually occurs during the maturation phase of composting.
The last main indicator of compost is oxygen concentration. Oxygen is necessary for aerobic
processes to proceed. The percentage of oxygen inside a compost pile should stay at the same
percentage as in the atmosphere at 21%. If the percentage of oxygen in the compost pile is lower,
then anaerobic processes may begin in the pile, which can negatively impact the health of the
compost pile. In addition to negatively impacting the health, anaerobic processes in compost
release very foul odors that are extremely pungent, so keeping the pile at 21% oxygen will
eliminate this possibility (Epstein, 1997).
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Aeration is a necessity in a composting pile because of the oxygen needs. There are several
different methods to aerate a composting pile: natural, passive, and forced. Natural Aeration
(NA) in static piles uses the process of natural diffusion to bring air and oxygen into the
composting pile. There is no need for the delivery of air into the pile using this method, rather
the conditions within the pile will need to be managed more closely. The moisture content and
porosity are the main two factors in an NA pile that will determine the health of the compost
product (Fernandes and Sartaj, 1997).
Passive aeration (PA) static piles use PVC pipes with pre-drilled holes to bring air and oxygen
into the pile. No machinery is needed for this. The warm/hot air inside the pile combined with
the cooler ambient temperatures create a vacuum. Wind currents, together with the vacuum
created, allow the air to passively flow into the pile (Fernandes and Sartaj, 1997) This method
was not evaluated during this study.
Forced aeration (FA) static piles use machinery to either push air into the pile or pull air through
the pile through a suction process. FA has many benefits that include faster composting
processes, omitted need for turning, and lower total carbon footprints than other methods of
composting (Fernandes and Sartaj, 1997).
This study aimed to provide evidence to universities and the general public to support the need
for composting initiatives and programs. Currently, Western Michigan University (WMU), in
collaboration with the Office of Sustainability at WMU, has a composting program on campus in
which pre-consumer food waste is donated from the Valley Dining Center on campus and
composted at the Gibbs House. With the data from this study, we hope to provide support to
continue this program and provide the necessary evidence to make it larger. The scientific goals
that this study was seeking to achieve included: a comparison of winter and summer composting,
a comparison of forced aeration versus natural aeration static piles, and any possible negative
effects on plant growth with the addition of compost.
2. Materials and Methods
2.1 Compost Set-up
This study was performed using outdoor space provided by Western Michigan University’s
(WMU) Office of Sustainability at the Gibbs House. The design of this study included four
composting piles in four separate bins: two were naturally aerated and two that underwent forced
aeration. Each pile was given the same ratio of starting materials and was managed until the
compost was sufficiently degraded. Each pile was then removed from its bin and moved to a
hoop house to mature. This design was used in two seasonal trials: winter and summer. The
winter trial was conducted by master’s student, Aurora Mokris, and the summer trial was
conducted by an honor’s undergraduate student, Madison Ochs; both with Dr. Silvia Rossbach as
advisor.
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The compost piles consisted of four plastic 110-gallon compost bins (D.F. Omer, Kibutz Maanut,
Israel). A layer of cardboard was put underneath the bins prior to adding any starting materials to
provide a barrier between the grass and the compost. To introduce air into the forced aeration
piles, a four-inch diameter PVC pipe - approximately seven feet in length - was placed through
openings at the bottom of the composting bin. One PVC pipe was used, and each bin had
approximately three feet of PVC pipe extending into the bin under the compost. The PVC pipe
was attached to a blower that was controlled by a series of circuits to allow the blower to turn on
automatically. The blower was programed to turn on for 30 seconds every 30 minutes. To allow
the air to exit the PVC pipes small holes were drilled into the top half of the PVC pipe.
The study used pre-consumer food waste combined with woodchips and hay for the starting
materials of each compost pile. The pre-consumer food waste was donated by the Valley Dining
Center on WMU’s Campus. The Gibbs House provided the wood chips and hay. The woodchips
came from a tree that had been recently removed from WMU’s campus, shredded, and given to
the Gibbs House.
When the organic material to be composted is broken down by microorganisms, it can serve as
carbon (C) and nitrogen (N) source for the microbes. The organic material enriched in nitrogen
in our study was pre-consumer food waste along with small bits of kitchen scraps donated from
students. The main contents of the food waste were pineapple, watermelon, cantaloupe, lettuce,
bell pepper, coffee grounds, and potato peels, along with other common dining center food
scraps. The carbon-enriched source was wood chips and hay. The starting materials were
measured by volume using a 44-gallon bucket for the winter and a 5-gallon bucket for the
summer trials. A 1:1 ratio of C-enriched to N-enriched sources was used for both trials. Once the
starting materials were measured, they were put on to a large tarp and mixed using a pitchfork
until all materials were combined evenly. The starting materials were then divided into each of
the four bins using the 5-gallon buckets until there was nothing left on the tarps. After all the
starting materials were added to the bins, an approximately four-inch layer of hay was added to
the top of the pile for insulation.
The winter trial had a total of 220 gallons of starting material equally distributed and the summer
trial had a total of 180 gallons. The difference was caused by a lack of food waste we were able
to get from the Valley Dining Center at the start of the summer trial. The same four compost bins
were used for both the winter and summer trials and were washed with water and wiped down
with a rag between trials. The same bins were also used for the same treatments (FA and NA).
2.2 Monitoring of Environmental Variables
2.2.1 Temperature
The temperature was measured using a waterproof temperature sensor probe (Aideepen,
Shenzhen, Guangdong). It was measured every 10 minutes throughout the entire composting
process until the maturation phase.
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2.2.2 pH
The pH was recorded using a Raspberry Pi Camera Board v2 (Adafruit, New York City, New
York) that captured a picture of the sensor every 3 hours. The camera and temperature sensor
were connected to the same raspberry pi located inside the box. The raspberry pi was
programmed to upload the data using a specific set of computer commands to a drop box in the
form of a text file. The data were put on a shared drive and analyzed.
The temperature and pH sensors (Atree, Amazon) were inserted in a plastic box with the sensors
sticking out the bottom. This allowed the sensors to be placed in the compost pile while the box
rested on top of the pile.
An electrical engineering Ph.D. candidate, Krystal York, set up this machinery along with the
programming necessary for transferring the data.
2.2.3 Moisture and Oxygen Concentrations
The moisture and oxygen concentrations were measured by hand every week. The moisture
sensors used in the winter experiment were initially placed inside the box and connected to the
raspberry pi, but shortly after the start of the trial the connection and data transmission was found
to be unreliable. A different moisture sensor (Ecowitt, Guangdong Province, China) was then
used, and the data were manually collected every week. An oxygen sensor (Green Mountain
Technologies, Bainbridge Island, WA) was inserted into the bottom half of the bins for data
collection.
2.3 Sample Collection
Samples were collected every week starting with the set-up of the compost piles. Sample
collection was conducted by taking a handful of compost from different areas of the pile, putting
it in a plastic bag, and then mixing to ensure all parts of the pile were represented. The plastic
bag was transported to the laboratory and a roughly 5 g was added to a 15 mL centrifuge tube
until it was full. Proper aseptic technique was used during the collection and handling of the
sample in the field and laboratory. Of all the compost samples collected, a select few were
chosen to be used for further analysis. The temperature data were the main indicator to determine
the compost phase as well as which samples were selected (Epstein, 1997).
2.4 Microbiological Analysis
Three sample points were chosen to be analyzed for both trials: inoculation, peak, and
termination. The winter trial only had one distinct temperature peak (making for a total of three
samples for analysis), but the summer trial had two temperature peaks (making for a total of four
samples for analysis). In the results the winter peak is referred to as “peak” along with “w” or
“winter” whereas the summer trials are referred to as “peak 1” or “peak 2” along with “s” or
“summer”.
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The DNA extraction was performed using a soil DNA extraction kit (Takara Bio, San Jose, CA).
The kit was used in accordance with the provided protocol. The DNA extraction was conducted
for two replicates per sample. The extracted DNA was assessed for quality using PCR. The 16S
rRNA gene was amplified using the primers 8F and 1629R and then run on a 0.7% agarose gel
electrophoresis. The DNA samples were added to a microtiter plate that was submitted for
Ilumina MiSeq DNA sequencing to the RSTF Genomics Core Facility at Michigan State
University in East Lansing, MI. The DNA sequences were electronically received and were
analyzed using QIIME 2 (Quantitative Insights into Microbial Ecology), a microbiome
bioinformatics platform that is commonly used in microbial community analysis (Bolyen et al.,
2019). The data entry and coding aspects were done by Aurora Mokris while the creation of
figures and graphs through the QIIME 2 website was done by Madison Ochs.
2.5 Nutrient Analysis
A half-gallon sample of the mature compost for each trial and pile was sent to the Michigan State
University Soil and Plant Nutrient Laboratory (East Lansing, MI). Total nutrient analysis
included the determination of the concentration of the elements N, P, K, Ca, Mg, Na, Al, Fe, B,
Cu, Mn and Zn, general quality analysis included the determination of pH, soluble salts, nitrateN, P, K, Ca, Mg, Na, Cl, while solids analysis included the determination of organic matter,
moisture, pH and C:N ratio. The nutrient analysis data received from MSU were also entered
into QIIME to be used as a categorical variable for the creation of figures.
2.6 Phytotoxicity Experiment
Early Scarlet Globe radish seeds (NK Lawn & Garden Co., Chattanooga, TN) were used. The lot
was packaged in 2000. The seed packages were unopened and kept refrigerated. A simple
germination test was conducted with the seeds to ensure that they still had a high germination
rate for use in the phototoxicity experiment. Roughly ten seeds were placed in-between two
pieces of filter paper in a petri dish. The filter papers were fully saturated with water and drained.
The petri dish was left under a cardboard box in the dark until germination occurred. These seeds
were tested along with two other brands of similar age. The Early Scarlet Globe seeds performed
the best (100% germination rate) and were selected irrespective of their age.
The phytotoxicity experiment was set up using a 1:3 ratio of compost to Suremix Perlite
(Michigan Grower Products, Inc., Galesburg, MI) by volume. For the winter compost trial, there
was a total of 12 scoops by volume with the 1:3 ratio for each pile. In the summer compost trial,
there was a total of four scoops by volume with the 1:3 ratio. At the completion of the summer
compost process, only a gallon of mature compost was collected for each pile, so there was a
limited amount of compost left after a half gallon was sent to MSU for nutrient analysis.
The winter compost phytotoxicity trials were performed using 72-hole plug flat trays and for the
summer compost trials 128-plug flat trays were used. The 128-plug flat trays had smaller holes to
allow for the same number of seeds between trials but with a lessened amount of compost/perlite
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mix needed given the constraints of the volume of the mature summer compost collected. For
each pile and trial, three replicates were performed along with three positive controls that
included only the Suremix Perlite. A total of 15 trays were used for each seasonal compost trial.
The compost and Suremix Perlite were measured and put on a large plastic tray separately for
each pile. They were mixed by hand until well incorporated. The compost mix was then added to
the plug flat and set aside until all piles were done. The plug flats were then watered lightly to
allow for the seed to be added. For each flat, 72 seeds were added, and in the 128-plug flats, only
72 plugs were filled. Radish seeds are very small, so some plugs ended up having more than one
seed germinate; in this case, the shorter stem was clipped as soon as it was noticed.
Both trials were processed after three weeks. A count of seeds germinated was used to determine
the percentage of germination. The fresh/dry weight was measured by cutting the stems off with
scissors leveled with the plug flat to ensure an equidistant measurement for each stem. All stems
per flat were then added to a pre-weighed labeled glass beaker and weighed. The beaker weights
were subtracted to obtain the fresh weight. The beakers were then added to a 55℃ oven for 7
days and weighed. The initial beaker weight was then subtracted from this weight for the dry
weight. The fresh and dry weights per flat were then divided by seventy-two to get the average
individual plant fresh and dry weight.
The germination experiments were done in a greenhouse set to 25℃ with high pressure sodium
grow lights over each table. The lights were set to a 14/10 photoperiod. The flats were randomly
placed in the greenhouse in case there was a discrepancy in light or temperature. No
discrepancies were seen in either trial. The flats were watered with reverse osmosis water every
day because the tap water in Kalamazoo is not conducive to good outcomes in plant growth.
Originally, the trials were done with corn seeds as well, but poor germination rates were found
for both trials, including the controls, leading us to believe that the seeds were not suitable to
study the potential phytotoxic effects of the compost. These data are not shown here.
2.7 Statistical Data
Two-tailed and one-tailed t-tests were done on the germination rates to test for significance.
3. Results and Discussion
3.1 Compost Set-up
Four composting piles in four separate bins were utilized in this study. Two of the piles were
naturally aerated using simple diffusion properties and the other two were force aerated with the
perforated PVC pipe and blower. This set-up was performed in a winter and a summer trial. The
winter trial started on 10/16/2020 and finished on 1/29/2021 for a total of 106 days. The summer
compost started on 4/29/2021 and finished on 8/30/2021 for a total of 124 days. For both
seasonal trials a 1:1 ratio of C-enriched to N-enriched starting materials was used as described in
the materials and methods. A total of 220 gallons of mixed starting material was used during the
9

winter composting process, with about 55 gallons of mixed starting materials per pile. In the
summer composting process, a total of 180 gallons of mixed starting materials was used, with
about 45 gallons of mixed starting materials for each pile. Piles 1 and 2 were force aerated and
piles 3 and 4 were naturally aerated for the duration of the composting process for both winter
and summer trials.
3.2 Compost Process Data
As mentioned in the introduction, temperature, moisture, pH and oxygen are all important
parameters for a healthy composting process and were measured in all piles for both winter and
summer trials over the entire composting process up until the maturation phase (Figs. 1 & 2).
The oxygen concentration is not shown because the concentrations in both seasonal trials were
between 20-21%. In Fig. 1A the highest max temperature reached during the winter compost for
all piles was 36℃ in Pile 4 on the third day (10/18/2020) and the next highest max temperature
was in Pile 3 with 31℃ on the fourth day (10/19/2020). When compared to the maximal
temperatures of the force-aerated piles 1 and 2 there was a 10°C decreased difference. Overall,
naturally aerated piles 3 and 4 had consistently higher temperatures when compared to force
aerated piles 1 and 2. This can mainly be attributed to the force aeration in piles 1 and 2 due to
the cold air being consistently pushed into the piles. If a larger pile was used it may have been
able to compensate for the temperature differences due to the larger total mass of compost. The
lowest minimum temperatures followed closely the ambient temperatures. There were just small
differences between the lowest minima of piles 1 and 2 compared to piles 3 and 4.
The summer compost (Fig. 1B) showed higher temperatures overall but followed the ambient
temperature more closely than the winter compost. The highest temperature recorded in the
summer compost was in Pile 3 at 35℃ on the first day (4/29/2021). The next highest temperature
was measured in Pile 2 at 33.6℃ on day 44 (6/11/2021) and the temperature in Pile 3 with
33.3℃ on the first day (4/29/2021). The highest maximal temperatures for all piles were close,
within 6 degrees Celsius from the highest to the lowest. The lowest temperature reached was 3℃
in Pile 2 on the 13th day (5/11/2021). When comparing piles 1 and 2 to piles 3 and 4, there was
not a distinct trend such as seen in the winter compost.
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Figure 1. Temperature profile over the course of the composting process in both winter (A) and summer (B)
compost. Black arrows indicate sampling dates used for analysis. The first arrow is the initial sample, and the
following are the peak samples. The last arrow is the termination sample. The temperature sensors were removed
from the piles during the maturation phase, so the arrow is outside of the date axis to indicate this. Piles 1 & 2 were
force aerated ,while piles 3 & 4 were naturally aerated.

When taken together, the maximal temperatures for naturally aerated (NA) piles 3 and 4
occurred on day 3 and 4, respectively, in winter compost, and on day 1 for piles 3 and 4 in
summer compost. Force-aerated (FA) piles 1 and 2 of the winter compost reached their maximal
temperatures on day 8 and in the summer compost on day 44. Natural aerated piles took less time
to heat up than the forced-aerated piles did. The forced-aerated piles were also less consistent
concerning when the maximal temperature was reached. This can be attributed to the cold
ambient temperature being constantly pushed into the piles.
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Neither winter nor summer compost reached the thermophilic stage when looking at the
temperature graphs. This is not uncommon due to the relatively small pile volume of 55 gallons
per pile in the winter and 45 gallons per pile in the summer compost trials. There may be
detrimental effects because of the missing thermophilic stage that not all pathogens are being
killed during the composting process. These detrimental effects have the ability to cause plant
damage when the compost is used.
The moisture data varied as the piles went through the composting process. The winter compost
for all piles started at much lower percentages of moisture than the summer compost piles (Fig.
2A & B). This could be because the winter starting materials were not as wet to begin with.
During the summer compost trials, the pre-consumer food waste was very wet with substantial
amounts of liquid at the bottom of the containers, in which the food waste was received. Water
was added when the pile looked, felt, or had low moisture percentages. For the winter compost
water was added on 10/29/2020, 11/2/2020, and 11/6/2020 in 1, 2, and 3 gallons respectively to
each pile. In the summer compost trials, 2.5 gallons of water were added to the summer piles on
5/26/2021. It can be noted in Figure 2D that after the water was added, piles 3 and 4 retained that
water at a higher rate than piles 1 and 2. Piles 3 and 4 also seemed to be more affected by the
addition of water. According to Epstein (1997), moisture is not considered a limiting factor for
composting if kept in the range of 45-55%. The moisture content range can also be widened to
40-65% with a preference to 50-60% (Rynk 1992; Jeris & Regan, 1973). Ultimately it will
depend on the starting materials being used in the compost; if there is sufficient aeration in the
piles to compensate for the extra moisture then a pile will have the ability to thrive (Agnew &
Leonard, 2003).
The pH data do not show variation for either trial (Fig. 2C & D). A general trend is at the
beginning when the piles will drop in pH due to the formation of organic acids from the
digestion of organic matter by microbes (De Bertoldi et al., 1983). A range of 5.5-8 is commonly
known to be the optimal pH for compost. If the pH goes lower than 5.5 the pile becomes more
acidic and anaerobic which negatively affects the microbial activity and degradation of compost
(Azim et al., 2017). In the winter compost pile, Pile 2 showed no pH change, as it stayed at pH 7
during the entire composting process (Fig. 2C). At the beginning of the composting process,
naturally aerated piles 3 and 4 showed a small decrease indicative of the organic acid formation.
During this same time force aerated pile 1 also had a decrease but it was slightly after piles 3 and
4.
The summer compost sensors malfunctioned on 5/27/2021. These data are shown but it should
be noted there is a month of data missing as the piles were moved to the maturation phase on
7/20/2021. The summer compost pH data showed a similar lack of variation as the winter
compost for each pile but showed an interesting trend (Fig. 2D). The pH in force aerated piles 1
and 2 were always lower than in naturally aerated piles 3 and 4 right up until 5/23/2021, when
Pile 2 reached the same pH as piles 3 and 4. These data may be misleading as parts of the data
are missing for the comparison.
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Figure 2. Moisture (A, B) and pH (C, D) data over the course of the composting process in both winter (A, C) and
summer (B, D) trials. During the summer compost trial, there was a malfunction in the moisture sensors used and
the last 3 weeks were not recorded. Piles 1 & 2 were force aerated while piles 3 & 4 were naturally aerated.

3.3 Nutrients, pH and other Compost Quality Parameters of Mature Compost
The concentrations of certain nutrients are also important parameters for evaluation of the health
of mature composts. Figure 3 shows the nutrient data for mature compost processed by the
Michigan State University Soil and Plant Nutrient Laboratory. Figure 3A shows the carbon to
nitrogen ratio. Pile 3 in both winter and summer trials was closest to the desired 30:1 ratio. There
was no clear trend when comparing the naturally versus the forced aerated piles across the winter
and summer trials. Figure 3B shows the pH data for the mature compost which was not included
in the previous pH figures. The pH showed no significant trends other than all of them were
around pH 8. Figure 3C shows several elements that had varying concentrations in the winter and
summer compost trials. The iron, zinc, and manganese levels in the summer compost were much
higher than in the winter compost. This could be caused due to the starting materials having
different concentrations of the food waste type. The difference may also account for the
variations in results of the phytotoxicity experiment that is described below. The copper values
showed the opposite trends, in which the summer trial exhibited lower overall amounts. Lastly,
the aluminum levels for all piles and seasons were relatively the same. Figure 3D shows the
percentages of moisture, organic matter, and carbon. The moisture percentage was overall higher
13

in the winter compost than in the summer compost. This may be because the temperatures were
higher in the summer, which caused evaporations in the piles, especially during the maturation
phase. The percentage of organic matter and therefore also of carbon was higher in the winter
compost than in the summer compost. This may have been because the organic matter in the
summer compost was much more stable than in the winter compost due to the longer overall time
in the composting process. The winter compost ran for 106 days, while the summer compost ran
for 124 days. There were no clear trends when comparing forced aeration and natural aeration
together and across seasons.

Figure 3. C to N Ratio (A), pH (B), metal concentrations in parts per million (C), moisture in percentage (D),
organic matter in percentage (D), and carbon percentage (D) in mature winter and summer compost samples. Data
received from Michigan State University Soil and Plant Nutrient Laboratory. Piles 1 & 2 were force aerated while
piles 3 & 4 were naturally aerated.

3.4 Phytotoxicity
Phytotoxicity is the inhibition of plant growth, interruption of germination, or any other
unfavorable effects caused by phytotoxins. Phytotoxins can be found within the soil surrounding
the plant or in the plant itself (Barral & Paradelo, 2011). Phytotoxicity is a known indicator for
determining the health of compost (ADAS Consulting Limited, 2005). A main reason why we
tested for phytotoxicity was because the thermophilic phase was missing and without this stage
there is a high possibility for phytotoxic effect to occur with the addition of the compost to soil.
The phytotoxicity experiment was done using a seed germination test and fresh/dry weight
analysis (plant yield). Figure 4 shows that the seed controls in the growth substrate without the
addition of compost germinated at roughly the same rate for both, summer and winter compost.
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Seeds germinated in the presence of compost from all piles seem to have the same germination
rate in the presence of winter compost with relatively low variances and a minor decrease in Pile
4. However, all four piles of summer compost appear to cause a lower germination rate when
compared to the growing substrate control. The seeds germinated in the presence of summer
compost piles also had higher variances in comparison to their winter counterparts.

Figure 4. Average germination rates for radish seeds in the presence of winter and summer compost. Piles 1 & 2
were force aerated while piles 3 & 4 were naturally aerated. The control pile consisted of only the Suremix Perlite.

Consistent with the observed data shown in Figure 4, hypothesis testing was done with a 95%
significance level to test for any differences between trials (Table 1). In Figure 5, the control
germination tests for winter and summer compost trials where only substrate was present showed
no significance with the hypothesis testing. When testing the trials in the presence of winter and
summer compost for the forced aeration treatment, the germination rate in the presence of winter
compost was found to be greater at a statistically significant rate than the one in the presence of
summer compost. This same conclusion was reached for the germination rates in the presence of
naturally aerated winter and summer compost, in which the germination rate in the presence of
winter compost was greater at a statistically significant rate. When testing the germination rate in
the presence of winter compost, the control versus forced aeration and the control versus natural
aeration were found to be not statistically significant. When testing germination rates between
forced aeration and natural aeration of radish seeds grown in the presence of winter compost
there was no significance. For the summer compost trials, testing the control versus forced
aeration and control versus natural aeration, there was a statistical significance showing the
control substrate induced a higher germination rate than the ones with compost. When testing
forced aeration versus natural aeration in the radish seeds grown in the presence of summer
compost, there could no significant conclusions be drawn.
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The two-tailed alternative hypothesis of the winter control growth substrate not being equal to
the summer control growth substrate was statistically insignificant with a p-value of 0.815. The
two-tailed alternative hypothesis of forced-aerated winter compost not being equal to forcedaerated summer compost was statistically significant with a p-value of 0.020, and a one-tailed
alternative of forced-aerated winter compost being greater than or equal to forced-aerated
summer compost had a p-value of 0.010. The two-tailed alternative hypothesis of naturally
aerated winter compost not being equal to naturally aerated summer compost was statistically
insignificant with a p-value of 0.063. However, the one-tailed alternative hypothesis of naturally
aerated winter compost being greater than or equal to returned as statistically significant with a
p-value of 0.03. The two-tailed alternative hypotheses of the control growth substrate not being
equal to FA, control not being equal to NA, and FA not being equal to NA regarding winter
trials, all returned as statistically insignificant. The resulting p-values were 0.834, 0.235, and
0.136, respectively. Hypothesis testing was also performed on testing for any differences
between summer trials. The two-tailed alternative hypotheses of the control not being equal to
FA regarding summer trials returned statistically significant with a p-value of 0.031 and a onetailed alternative showing the control being greater than or equal to FA returned with a p-value
of 0.016. The two-tailed alternative hypotheses of the control not being equal to NA regarding
summer trials returned statistically significant with a p-value of 0.007 and a one-tailed alternative
showing Control being greater than or equal to NA returned with a p-value of 0.003. The twotailed alternative of FA not being equal to NA regarding summer trials returned as statistically
insignificant with a p-value of 0.961.
Table 1 Hypothesis Testing and resulting p-values with interpretations.
Comparison
Control Germination Rate Winter
vs Summer
Forced Aeration Germination
Rate Winter vs Summer

p-value
2-tailed
0.8149

p-value
1-tailed

Interpretation
No conclusion can be drawn

0.01974

0.00987

Natural Aeration Germination
Rate Winter vs Summer

0.06253

0.031265

Winter Control vs Winter Forced
Aeration

0.8338
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There is sufficient evidence to
conclude that winter aerated
germination rates are greater than
summer germination rates in forced
aeration.
There is sufficient evidence to
conclude that winter aerated
germination rates are greater than or
equal to summer germination rates in
natural aeration.
No conclusion can be drawn

Winter Control vs Winter Natural 0.23526
Aeration
Winter Forced Aeration vs Winter 0.13594
Natural Aeration
Summer Control vs Summer
0.03134
Forced Aeration

Summer Control vs Summer
Natural Aeration

0.00654

Summer Forced Aeration vs
Summer Natural Aeration

0.90046

No conclusion can be drawn
No conclusion can be drawn
0.01567

0.00327

There is sufficient evidence to
conclude that summer control
germination rates are greater than
summer forced aeration germination
rates.
There is sufficient evidence to
conclude that summer control
germination rates are greater than
summer natural aeration germination
rates.
No conclusion can be drawn

Figure 5. Average germination rate for radish seeds in the presence of winter and summer compost. FA is force
aerated while NA is naturally aerated. The control pile consisted of only the Suremix Perlite.

We also wanted to determine the influence of the different composts on plant yield. Figure 6
shows the average fresh and dry weights of the plants grown in the presence of the summer and
winter composts. Interesting data were seen with the control plants for the summer compost trial,
because the overall weights were much less than that of the control plants grown during the
winter compost trial, even though no compost was present for either. This may be attributed to
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the shorter day lengths during the duration of the summer compost seed germination test. The
winter test ran from 11/8/2021 to 11/22/2021 and had and an average day length of 14 hrs. The
summer test ran from 11/29/2021 to 12/13/2021 and had an average day length of 13 hrs. The
greenhouse that the plants were grown in is sensitive to outside light due to the transparent walls
and ceiling. Large grow lights were placed directly above the plants for both trials and set on a
14-hour photoperiod/10 dark period timer. Considering this, the extra hour of natural daylight
could have influenced growth of the plants and the total weight of the plants for the summer
trials. In addition, the plug flats were smaller in the trials with the summer compost, so it is also
possible that there was not sufficient room or growth substrate for the radish roots to thrive.

Figure 6. Average fresh (A) and dry weight (B) per radish plant in both winter and summer compost after seed
germination test.

3.5 Microbial Community Analysis with QIIME
The microbial communities found within the compost process are vital to the overall health of
the compost, especially if it is used in an agricultural setting as a soil amendment (Tang et al.,
2003). This study, through 16S rRNA gene sequencing, allowed us to identify the microbial taxa
present in the different samples that were taken during the compost process. QIIME, as defined
in the Materials and Methods section, is an open source bioinformatics platform that configures
the raw DNA sequencing data given specific parameters to show the phylogeny of each sample
in a way that allows for comparison and analysis. Figure 7 shows a bar plot representing the
relative abundance of different microbial taxonomic groups in the winter compost at specific
time points. In the initial samples, there was a high prevalance of Firmicutes (pink), but they
dropped off in the peak and final samples. Firmicutes secrete various enzymes that are
responsible for breaking down tough materials such as cellulose (Stanley et al., 2013). In
contrast, Bacteroida (blue) were less prevalent in the initial samples, but increased in abundance
in the peak and final samples. The final samples had higher abundances of Actinobacteria
(yellow) compared to the other timepoints. According to Tang et al. (2006), an increase in
Actinobacteria in the final samples has been associated with fewer phytotoxic effects on plants.
Alphaproteobacteria were found to be fairly constant over the entire course of the composting
process with slightly higher levels towards the later half. The replicates for each timepoint in the
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winter compost had some variance when comparing replicates, especially in some of the samples
from the early time points. Replicates from the later timepoints were more consistent. This may
have been because of further breakdown into smaller pieces and therefore better mixing in the
samples from the later time points. No trend was identified when comparing the replicates of
force aeration to the replicates of natural areation.
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Figure 7. Taxonomic bar plot showing the relative abundance of different microbial groups in winter compost for
three sampling time points (start: C1, peak: C2, final: C12).

We also analyzed the microbial community composition in the summer compost. Figure 8 shows
a bar plot with the relative abundance of different microbial groups found in the summer
compost. The Gammaproteobacteria (grey) started off in high abundance in the initial samples,
then decreased in the peak and even more in the final samples. Firmicutes (blue) showed a
similar trend but decreased even more extremely in the peak and termination timepoints.
Bacteroidota (dark orange/brown) and Alphaproteobacteria (pink) had a trend of low abundance
in the initial samples and roughly four times greater abundance in the peak and final samples.
Similar to the microbial groups in the winter compost, the microbial abundances were very
distinct for each timepoint. We had taken two time points from the peak temperature of the
summer compost, and indeed the microbial community composition was more closely related in
these samples (labeled S-C5 through S-C7 in Fig. 8).
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Figure 8. Taxonomic bar plot showing the relative abundances of different microbial groups in summer compost for
four sampling time points (start: C1, peak 1: C5, peak 2: C7 final: C15).
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To visualize a better comparison between the seasons, Fig. 9 shows the microbial community
composition of winter and summer compost together. The start timepoints for winter and
summer both have high abundances of Firmicutes and Gammaproteobacteria and had low
abundances of Alphaproteobacteria and Bacteriodia. There is a distinguishable difference when
comparing the final samples of the winter compost with the summer compost in that the summer
microbial community seem to be more diverse than the one in the winter compost. This can be
seen in the middle of Fig. 9 (S-C15).
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Figure 9. Taxonomic bar plot showing the relative abundances of different microbial groups in winter (w) and
summer (s) compost for all sampling time points (start: C1/C1, peak w: C2, peak 1s: C5, peak 2s: C7 final:
C12/C15).

Unifrac is a β-diversity distance metric that has become very popular for analyzing the
relationships between microbial communities. Unifrac uses phylogeny as a basis for comparison
between the evolutionary history of microbial communites (Lozupone et al., 2011). There are
two types: weighted and unweighted. Weighted Unifrac is a special type of Unifrac in which the
branch lengths from the phylogentic trees are weighted by the relative abundances of the bacteria
in the sample. This is different than the unweighted Unifrac in which it there is only a disctintion
between the presence or absence of a bacterial taxon. The weighted Unifrac places a higher
emphasis on the larger communites present in the samples because of the weight of the
abundance of the branch length, whereas the unweighted unifrac takes into account the
uncommon species present in the samples. Figure 10 shows a weighted Unifrac of the compost
samples from winter and summer categorized by sampling timepoint and season. As seen in this
figure, there are definite groupings for each time point. All initial sampling time points group
together (red spheres/circles and red cones/triangles). All of the peak samples group in the
middle to upper right corner along with the final samples from winter. This suggests that the
final winter samples were not completely matured in terms of the composting process. The final
samples of summer samples group in the lower right corner. The force-aerated and naturally
aerated samples were grouped together and could not be separated, leading to no significant
trend being identified.
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Figure 10. Weighted Unifrac principal coordinate analysis plot categorized by timepoint and season. Cone (triangle)
indicates winter samples and circle (sphere) indicates summer samples. Peak 1 and Peak 2 are the peak samples
from summer compost.

Figure 11 shows the total abundance of species present in each sequenced compost sample (A,
B) and species richness of the sequenced compost samples (C, D) in both winter (A, C) and
summer (B, D). The total abundance was calculated by taking the sum of the amplicon sequence
variants (ASV) for each sample and averaging the pile replicates together. The species richness
was calculated by ordering the ASVs from largest to smallest and counting how many distinct
ASVs were present for each sample. These values were also averaged by pile replicates. The
winter compost held a consistent level of total abundance throughout the compost process, but
the summer compost had a slight decreasing trend. Both winter and summer compost had
upward trends in species richness. This is due to the composting process, in which increasingly
diverse bacterial species are being continuously enriched, degrading the various materials and
metabolic byproducts, turning them into mature compost. When comparing the forced aeration
and natural aeration piles, all but the initial samples for species richness in winter compost had
higher rates of total abundance and species richness in the naturally aerated piles.
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Figure 11. Total abundance (A, B) and species richness (C, D) of the sequenced sampling timepoints in both winter
(A, C) and summer (B, D).

4. Conclusions
The results show that the winter composting process may have yielded the healthier mature
compost. The overall moisture, the percentage of organic matter and carbon was higher in the
winter compost than in the summer compost (Fig. 3D). This notion was also supported by the
phytotoxicity data, with the caveat that the testing for phytotoxicity of the summer compost had
fewer ideal conditions with smaller volume of growth substrate for the radish seeds and shorter
daylengths when the experiment was run. The radishes grown in the presence of winter compost
had overall higher germination rates than when grown in the presence of summer compost and
the mass of both fresh and dry weights was higher. Both the winter and summer compost held
consistently in-between the optimal boundaries of pH and oxygen concentrations, but the
temperature and moisture were less consistent. The temperature never reached above 40℃ in
compost piles during either season and the moisture data showed a lot of variations through each
season and when comparing them to each other. The summer compost had higher concentrations
of iron, zinc, and manganese that could have influenced the plant growth. The microbial
community composition showed that the mature summer compost had a higher species richness
(diversity), which in general should be an indication for healthier compost. With all the data
considered; this thesis serves as partial evidence to continue the ongoing composting initiative at
Western Michigan University. The copious amounts of food waste that are produced by the
dining centers on campus can be largely diverted from landfills and used in composting. By
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having a few piles set up continued addition of food waste and starting materials to existing piles
will allow the dining centers to contribute throughout the year. Future research can be done to
include passive aeration using the same parameters in this study. Passive aeration uses the same
set-up as forced aeration without the use of a blower or machinery. Passive aeration is a great
alternative solution to forced aeration because it uses less energy while keeping the shortened
time frame as in forced aeration (Fernandes & Sartaj., 1997).
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